De novo production of RNA on RNA template, a process known as RNA-dependent RNA synthesis, RdRs, and the enzymatic activity conducting it, RNA-dependent RNA polymerase, RdRp, were initially considered to be exclusively virus-specific. Eventually, however, the occurrence of RdRs and the ubiquitous presence of conventional RdRp were demonstrated in numerous eukaryotic organisms. The evidence that the enzymatic machinery capable of RdRs is present in mammalian cells was derived from studies of viruses, such as hepatitis delta virus, HDV, that do not encode RdRp yet undergo a robust RNA replication once inside the mammalian host; thus firmly establishing its occurrence and functionality. Moreover, it became clear that RdRp activity, apparently in a non-conventional form, is constitutively present in most, if not in all, mammalian cells. Because such activity was shown to produce short transcripts, given its apparent involvement in RNA interference phenomena, and because double-stranded RNA is known to trigger cellular responses leading to its degradation, it was generally assumed that its role in mammalian cells is restricted to a regulatory function. However, at the same time, an enzymatic activity capable of generating complete antisense RNA complements of mRNAs was discovered in mammalian cells undergoing terminal differentiation. Moreover, observations of widespread synthesis of antisense RNA initiating at the 3'poly(A) of mRNAs in human cells suggested an extensive cellular utilization of mammalian RdRp. These results led to the development of a model of RdRp-facilitated and antisense RNA-mediated amplification of mammalian mRNA. Recent detection of the major model-predicted identifiers, chimeric RNA intermediates containing both sense and antisense RNA strands covalently joined in a rigorously predicted and uniquely defined manner, as well as the identification of a putative chimeric RNA end product of this process, validated the proposed model. The results corroborating mammalian RNA-dependent mRNA amplification were obtained in vivo with cells undergoing terminal erythroid differentiation and programmed for only a short survival span. This raises a question of whether mammalian RNA-dependent mRNA amplification is a specialized occurrence limited to extreme circumstances of terminal differentiation or a general physiological phenomenon. The present study addresses this question by testing for the occurrence of RNA-dependent amplification of mRNA encoding extracellular matrix proteins abundantly produced throughout the tissue and organ development and homeostasis, an exceptionally revealing indicator of the range and scope of this phenomenon. We report here the detection of major identifiers of RNA-dependent amplification of mRNA encoding α1, β1, and γ1 chains of laminin in mouse tissues producing large quantities of extracellular matrix proteins. The results obtained warrant reinterpretation of the mechanisms involved in ubiquitous and abundant production and deposition of extracellular matrix proteins, confirm the occurrence of mammalian RNA-dependent mRNA amplification as a new mode of genomic protein-encoding information transfer, and establish it as a general physiological phenomenon.
Introduction
The process of RdRp-facilitated, antisense RNA-mediated amplification of mammalian mRNA has been studied in quite some detail in cells and tissues undergoing erythroid differentiation [1] [2] [3] [4] [5] [6] 38] . If this phenomenon is not limited to specialized circumstances of terminal differentiation, it is conceivable that its principles, deduced in investigations with the erythroid model, [5, 6, 38] would apply in other physiological situations as well. The essence of the mammalian RNA-dependent mRNA amplification, expounded in the Discussion section below, is the following. It occurs in the cytoplasm and utilizes a conventional, genome-transcribed, processed and spliced mRNA as a primary template. The transcription, directed by RdRp, initiates within the 3'-terminal poly(A) of conventional mRNA and terminates at its 5'end producing a full size antisense RNA molecule, the initial intermediate of mRNA amplification and a template for the production of a new sense-orientated RNA strand. It is the mechanism of the initiation of the sense strand synthesis, also by RdRp activity, that defines a decisively identifying attribute of the amplification process. The initiation of the sense strand RNA synthesis occurs by the extension of the 3' terminus of the antisense strand "locked" in a self-priming structure within the antisense RNA. The extension proceeds until RdRp activity reaches and transcribes the 5'poly(U) segment of the antisense strand, generating 3'-terminal poly(A). The resulting pinhead/double-stranded RNA molecule, containing covalently joined antisense and sense RNA strands, is the second intermediate of RNA-dependent mRNA amplification and the immediate precursor of amplified mRNA, which may be released by the cleavage at the loop of a hairpin structure. It is chimeric in that it contains the antisense sequence extended into the sense RNA strand. The position of the antisense/sense junction is not random but rigorously and uniquely defined by a complementarity between the 3'-terminal segment of the antisense strand and its internal segment. Such a highly regulated extension is at the core of RNAdepended mRNA amplification and defines its specificity. Therefore, the detection of the major recognizable attribute of this mechanism, an antisense molecule extended into a sense strand in a rigorously predicted and positionally uniquely defined manner, would constitute a definitive evidence for the occurrence of RNA-dependent mRNA amplification process.
Where to look for such an identifier of the occurrence of RNAdependent mRNA amplification? Among potential cell types that may utilize mRNA amplification by the mechanism described above are cells producing extracellular matrix proteins. At multiple stages during the development, growth, repair, turnover and remodeling of connective tissues, matrix proteins are rapidly produced and, because they are secreted, the production of extraordinary amounts is not limited by cellular confines. A mechanism whereby every mRNA molecule may serve as a potential template for production of additional mRNA may facilitate increased production of specific secreted extracellular matrix proteins at times of high demand. With this in mind, the present study utilized, as an experimental model, cells from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma tumor that generate extraordinarily large quantities of basement membrane components that are collected and marketed as Matrigel [7] [8] [9] [10] [11] [12] [13] [14] . We report below the detection, by next generation sequencing, of the definitive identifiers of RNA-dependent mRNA amplification, the chimeric antisense/sense RNA junction sequences, for mRNAs encoding α1, β1, and γ1 chains of laminin in extracellular matrixproducing EHS cells.
Results
The occurrence of chimeric junctions containing both antisense and sense sequences in mRNAs encoding extracellular matrix, ECM, components produced by EHS tumor cells was probed by next generation sequencing. Cytoplasmic RNA, isolated from tumor cells harvested ten days after tumor implantation and depleted of ribosomal RNA, was used to generate sequencing libraries, as described in the Methods section. Libraries were sequenced on an Illumina Next500 instrument. The resulting reads were aligned with or blasted against appropriate reference sequences, and sequences of fragments of interest were extracted from raw data and analyzed. Contiguous chimeric sequences containing antisense and sense components, with the junctions occurring within 5' untranslated regions of mRNA species encoding α1, β1, and γ1 chains of laminin were detected. A selection of such chimeric junction sequences representing two different types of molecules for each of three chains of laminin is shown below:
Laminin α1, chimeric junction sequences type 1 (Figure 1 , top panel):
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Laminin α1, chimeric junction sequences type 2 (Figure 1 , bottom panel):
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Laminin β1, chimeric junction sequences type 1 (Figure 2 , top panel):
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Laminin β1, chimeric junction sequences type 2 (Figure 2 , bottom panel):
Laminin γ1, chimeric junction sequences type 1 (Figure 3 , top panel):
Laminin γ1, chimeric junction sequences type 2 (Figure 3 , bottom panel):
The relevant portions of the above sequences are shown in The sequences are unique in that they are not encoded in the genome contiguously and could be generated only through the extension of the 3' terminus of a self-primed antisense RNA, with the extension start site (ESS) and, consequently, the chimeric junction sequence defined precisely and uniquely by the position of a self-priming structure assemblies, shown in Figures 1-3 . Accordingly, chimeric junction sequences serve as definitive identifiers of the occurrence of RNA-dependent mRNA amplification process.
The feasibility of the amplification process is largely decided by the sequence and structure of the 3' termini of the antisense strands, which, in turn, is determined by the position of the transcription start site (TSS) of the gene-encoded mRNA. For all three chains of laminin, α1, β1, and γ1, the chimeric RNA sequences detected originated from mRNAs transcribed from multiple TSS positions; this explains multiple types of chimeric junctions observed. This is not surprising considering that the laminin genes and, in fact, the majority of genes encoding extracellular matrix proteins, lack the "TATA" regulatory element that rigorously defines the position of a TSS.
Consequently, due to the lack of TATA-control element, the utilization of multiple TSS positions is a normal physiological occurrence for such genes. Thus, in the top panel of Figure 1 , transcription of the laminin α1 mRNA starts 70 nucleotides upstream from the AUG translation initiation codon, (lineA). The 3'-terminal region of the corresponding antisense strand (line B) is then folded into a self-priming configuration (line C) and extended into the senseoriented component of a chimeric molecule (line D). Line E shows a projected chimeric junction sequence and line F displays the detected chimeric junction sequence. In the bottom panel of Figure 1 , the TSS is shifted ten nucleotides upstream. The antisense molecule forms a different self-priming structure, whose extension from a new ESS yields a distinctly differently chimeric sequence, but the end-result, as defined by the coding content of the amplified sense component, remains unchanged. Indeed, as reasoned in the Discussion section below, the translational outcome of mRNA amplification is defined by the position of self-priming, and in both cases above, as well as in the cases described below, self-priming occurs within the segment of the antisense strand corresponding to the 5'UTR of the sense strand. Therefore, the amplified mRNA retains the intact coding capacity of the conventional mRNA.
A similar phenomenon is seen with mRNA for the β1 chain of laminin. Transcription from the TSS position 80 nucleotides upstream from the AUG translation initiation codon produces mRNA whose antisense counterpart is capable of self-priming its extension into a sense strand, thus producing a chimeric molecule ( Figure 2 (Figure 3 , bottom panel), lead to two types of antisense RNA strands, both capable of self-priming their 3'-extension into sense-oriented molecules. The resulting composite antisense/sense molecules have distinctly different chimeric junction sequences but retain the protein coding content identical to that of the conventional mRNA.
As was mentioned above, chimeric junction RNA sequences for α1, β1, and γ1 chains of laminin were detected in the EHS cells ten days after tumor implantation. Interestingly and importantly, in identical multiple searches, no chimeric junction sequences for α1, β1, and γ1 laminin RNA were detected in EHS cells at an earlier stage, six days after tumor implantation. This was not for the lack of laminin genes expression. Abundant transcripts of α1, β1, and γ1 laminin Uppercase letters -nucleotide sequence of the sense strand; lowercase letters -nucleotide sequence of the antisense strand. Highlighted in green -"AUG" translation initiation codon on the sense strand; highlighted in blue -"uac" complement of translation initiation codon on the antisense strand. In italics and highlighted in grey -detected chimeric fragments. Blue arrows: Position of antisense/sense RNA junction. The top and bottom panels depict amplification of mRNA molecules originated from different TSSs; note that self-priming positions and, consequently, chimeric junction sequences shown in two panels are different. A: 5' terminal region of laminin β1 mRNA. B: Antisense complement of the 5' terminal region of β1 laminin mRNA. C: Folding of the antisense strand into self-priming configuration. D: Extension of self-primed antisense strand into sense-oriented sequence. E: Projected chimeric junction sequence. F: Detected chimeric junction sequence. Complete sequences of the chimeric junctions shown in this Figure are provided in the main text above. Note that the priming occurs within the segment of antisense strand corresponding to the 5'UTR of mRNA, thus preserving the coding capacity of amplified mRNA.
genes were identified in sequencing libraries prepared six days postimplantation, but none of the chimeric RNA junction sequences were found. The significance and implications of these observations are discussed below.
Discussion

Cellullar origin of the detected chimeric junction sequences
The essence of the present study is the detection of a new type of RNA molecule. Its structure is evident: A chimeric RNA molecule containing 3'-terminal segment of the antisense strand covalently connected, at a precisely determined position, to the sense strand segment of the same mRNA species. Whereas numerous mechanistic aspects of the overall cellular mechanism involving this type of biomolecule remain to be elucidated and require further investigations, the mechanism of generation of the chimeric sequences observed in Uppercase letters -nucleotide sequence of the sense strand; lowercase letters -nucleotide sequence of the antisense strand. Highlighted in green -"AUG" translation initiation codon on the sense strand; highlighted in blue -"uac" complement of translation initiation codon on the antisense strand. In italics and highlighted in grey -detected chimeric fragments. Blue arrows: Position of antisense/sense RNA junction. The top and bottom panels depict amplification of mRNA molecules originated from different TSSs; note that self-priming positions and, consequently, chimeric junction sequences shown in two panels are different. A: 5' terminal region of laminin γ1 mRNA. B: Antisense complement of the 5' terminal region of γ1 laminin mRNA. C: Projected folding of the antisense strand into selfpriming configuration. D: Extension of self-primed antisense strand into sense-oriented sequence. E: Projected chimeric junction sequence. F: Detected chimeric junction sequence. Complete sequences of the chimeric junctions shown in this Figure are provided in the main text above. Note that the priming occurs within the segment of antisense strand corresponding to the 5'UTR of conventional mRNA, thus preserving the coding capacity of amplified mRNA. the present study is very clear: The extension of the antisense strand, self-primed by its 3'-terminal segment. The position of the junction between the antisense and the sense components of a chimeric molecule is uniquely defined by the folding of the antisense into selfpriming configuration. As shown here, this, in turn, is specified by the position of transcription start site(s) of a conventional genometranscribed mRNA molecule. Moreover, multiple TSSs may lead to multiple chimeric RNAs, with junctions at different positions, for a single mRNA species, an outcome observed in the present study. Of crucial importance for the conclusions of this study are considerations pointing to the cellular origin of the observed chimeric junctions, i.e. that they were present in the initial RNA preparations rather than inadvertently generated during the construction of sequencing libraries. The chimeric junction sequences described above were identified by next generation sequencing. This procedure not only provides the nucleotide sequence of a single molecule but contains safeguards against mis-exposure of chimeric fragments that could be possibly generated during sequencing library preparation. As described below, even if such fragments were generated during the procedure, they could not be sequenced. Thus, the procedure used in the present study substantiates cellular origin of the detected chimeric sequences.
Previously, it was shown that self-priming can occur and a fragment containing both sense and antisense components may be generated during reverse transcription, provided the antisense strand (cDNA) contains the required complementary elements [3] . For several reasons, it can be stated with a high degree of certainty that chimeric laminin RNA junction sequences seen in the present study did not arise during the reverse transcription or the enrichment stages of sequencing libraries construction but were present in the initial cytoplasmic RNA preparations. First, any possible synthesis of the second cDNA strand during the stage of first strand synthesis was suppressed by the addition of the NEB strand specificity reagent, as described in the Methods section. Second, even if a hairpin structure were created during the reverse transcription stage, it would represent a dead end in the library preparation process because no adaptor could be ligated. Thirdly, due to the intrinsic geometry of the observed chimeric reads, the structure of many of the chimeric fragments detected in the present study decisively rules out the possibility of their generation during the reverse transcription stage of library preparation. This is because they have, when folded by matching the complementary elements discussed above, 3'-protruding sense-orientation segments. Since the length of the antisense component 5' of the position of self-priming structure in these fragments is significantly smaller than that of the sense-oriented segment, the former could not serve as a template for the latter during the library preparation process thus corroborating the occurrence of the observed chimeric molecules in the initial RNA preparation. Forth, the inadvertent generation of a chimeric fragment, either by intramolecular or intermolecular processes, during the PCR enrichment of a sequencing library can also be ruled out. For this to occur, the 3'-terminal portion of the antisense strand should anneal to the internal portion of the same or another antisense strand and be extended into a sense strand. In sequencing library preparation, the PCR enrichment step follows the adaptor ligation step. If antisense strand contains an adaptor, its 3'-terminal complementary element cannot be extended, even if it anneals either intramolecularly or intermolecularly. If an antisense strand does not contain an adaptor, it potentially can anneal and be extended but cannot be sequenced. Finally, the strongest indication of the cellular origin of the chimeric antisense/sense molecules is that they were observed to occur in a developmental stage-specific manner. Indeed, whereas numerous chimeric junction reads were obtained with RNA from ten day postimplantation cells, none were seen with RNA from an earlier, six day post-implantation stage, a stage where the abundant expression of α1, β1, and γ1 laminin genes already occurs but the RNA-dependent mRNA amplification process is apparently not yet activated. These observations decisively rule out origination of chimeric sequences during library construction process.
The chimeric pathway of mammalian RNA-dependent mRNA amplification
The results of the present study show the occurrence of chimeric molecules containing covalently bound sense and antisense strands of RNA encoding all three chains of laminin in a tissue that produces extraordinary quantities of this protein. While limited to the demonstration of a new type of RNA molecules, these results are indisputable. Likewise is their origin: these molecules are clearly produced by the 3' extension of the antisense RNA self-primed in a sequence-specific manner. These results can be interpreted within the framework of the mammalian RNA-dependent mRNA amplification model developed in the previous studies [1] [2] [3] [4] [5] [6] 38] , reviewed in detail elsewhere [6] , diagrammed in Figure 4 below and briefly summarized as follows.
The amplification process occurs in the cytoplasm and starts with transcription of the antisense complement from a conventional spliced mRNA template, initiating at the 3'poly(A), possibly with the help of a uridilated protein, as seen in viral RdRs [15] (Figure 4 , Step 1). Generation of a complete antisense transcript requires the presence of an eligible RNA template and a compatible polymerase activity. The only major prerequisite for a potential RNA template appears to be the presence of the poly(A) segment at its 3' terminus [4] [5] [6] . The compatible polymerase activity is the RNA-dependent RNA polymerase. The RdRp activity in mammalian cells appears to be non-conventional; two possible candidates for this role are the RNA polymerase II complex or its components [16, 17] and RdRp activity of the TERT complex [18] , both ubiquitously present in all cells. Under regular circumstances the RdRp activity in mammalian cells produces only short antisense RNA transcripts. For example, a widespread synthesis of diverse short antisense RNA transcripts initiating at the 3'poly(A) of mRNA was observed in human cells [19] . On the other hand, RdRp activity isolated from rabbit reticulocytes [20] was able to produce, in assays, long antisense RNA transcripts. Subsequent studies identified full-length antisense transcripts of globin mRNA in erythroid cells [4] [5] [6] . It could be argued that the component responsible for the production of long antisense transcripts in mammalian cells is a processivity conferring co-factor of RdRp activity that is induced under special circumstances when over-production of specific proteins is required. The notion of a processivity co-factor is strongly supported by studies of RdRp-deficient HDV replication in "normal" (i.e. apparently lacking processivity co-factor) mammalian cells, [21, 22] . Within the framework of the above considerations, the ability of RdRp-deficient viruses to use RdRp activity of mammalian cell for their replication implies that they should encode a processivity cofactor of cellular RdRp. In case of HDV, it appears to be hepatitis delta antigen HDAg, the only protein encoded by HDV. HDAg is essential [21] both for production of long transcripts by cellular RdRp, and for viral replication. In its absence only short transcripts are generated [21] . These observations provide a proof of concept for the notion of RdRp processivity co-factor, central to our understanding of mammalian mRNA amplification. Identification of a cellular homolog of HDAg, DIPA [22, 23] suggests directions for a search for the cellular RdRp processivity co-factor.
The resulting double-stranded sense/antisense structure is then separated into single-stranded molecules by a helicase activity that mounts the poly(A) segment of the 3'poly(A)-containing strand (the sense-oriented strand) of the double helical structure and proceeds along this strand modifying, on average, every fifth nucleotide in the process [5, 6] (Figure 4, Step 2). Only purines, "A" and "G", appear to be modified in the separation/modification process [5, 6] . The 5' poly(U)-containing antisense strand remains unmodified during and after the separation [4] [5] [6] ; this being essential for the production of a new sense strand since modifications were shown to interfere with complementary interactions required in this process [5, 6, 38] .
The vast majority of mammalian mRNA species contains 3'-terminal poly(A) segments. The notion that many, or possibly most, of them could be eligible templates for RdRp was suggested in our previous studies [4] [5] [6] . Subsequent observations by Kapranov et al. showed a widespread synthesis of antisense RNAs initiating, apparently indiscriminately, at the 3' poly(A) of mRNA in human cells [19] . This, seemingly undiscerning, RdRp template eligibility of the bulk of mammalian mRNA species raises questions with regard to mechanisms underlying the manifestly stringent specificity of the mRNA amplification process as seen, for example, in erythropoietic differentiation [4] [5] [6] . The specificity of mRNA amplification appears to be determined at the 3' terminus of an antisense transcript by its ability or inability to support production of a complementary sensestrand molecule.
The generation of a sense strand on an antisense template occurs via the extension of the 3' terminus of a self-primed antisense template and requires the presence within the antisense transcript of two spatially independent complementary elements [3] . One of these is the strictly 3'-Terminal Complementary Element (TCE), the other is the Internal Complementary Element (ICE). These elements ( Figure  4, Step 3) must be sufficiently complementary to form a priming structure but may contain mismatches and utilize unconventional G/U pairings [3] [4] [5] [6] . The generation of a sense strand also requires the thermodynamic feasibility, enhanced/enabled by the occurrence of two complementary and topologically compatible elements, of the antisense strand folding into a self-priming configuration.
Provided that a self-priming structure is formed, the 3' end of the folded antisense strand is extended by RdRp into a sense-oriented molecule terminating with the poly(A) at the 3'end ( Figure 4, Step 4 ), thus generating a hairpin-structured chimeric intermediate consisting of covalently joined sense and antisense strands. The double stranded portion of the resulting structure is separated by a helicase activity invoked above, which mounts the 3'poly(A) of a newly synthesized sense strand component of the chimeric intermediate and proceeds along this strand in the 5' direction modifying the molecule as it advances (Figure 4, Step 5 ). When the helicase activity reaches a single stranded portion of the hairpin structure, it, or associated activities, cleave the molecule either within the TCE, at a TCE/ICE mismatch, or immediately upstream of the TCE. The cleavage occurs between the 5' hydroxyl group and the 3' phosphate [5, 6] (red arrowhead, Figure  4 , Step 6).
Strand separation, in conjunction with the cleavage, produces two single-stranded molecules (Figure 4, Step 7) one of which is a chimeric mRNA, the functional mRNA end product of amplificatio and the basis for defining this pathway as the "chimeric". The chimeric nature of this end product is due to the presence at its 5' end of a 3'-terminal segment of the antisense strand, consisting of either the entire TCE or a portion thereof, depending on the site of cleavage of the chimeric intermediate, and covalently attached, in a 5' to 3' orientation, to the 5'-truncated sense strand. This chimeric molecule is modified and 3' polyadenylated. In contrast to conventional mRNA that can be repeatedly used as RdRp template [5, 6] , it cannot be further amplified because its antisense complement would be lacking the TCE, but can be translated into either the conventional mRNAencoded polypeptide [5, 6] or its C-terminal fragment [5, 6, [24] [25] [26] [27] depending on the extent of 5'truncation. The extent of 5'truncation of the sense strand component of the chimeric end product is defined by the intramolecular position of the internal complementary element, ICE, within the antisense template, allowing for conceptually distinct outcomes. Figure 4 illustrates the situation whereby the ICE of the antisense strand is located within its segment corresponding to the 5' untranslated region, 5'UTR, of a conventional progenitor mRNA. Consequently, the chimeric end product contains the entire protein coding region of a conventional mRNA and can be translated into the original, conventional mRNA-encoded, polypeptide [5, 6] . Additional translational outcomes reflecting alternative positions of the internal complementary element are discussed elsewhere [6] .
In the chimeric pathway of mRNA amplification, the cleavage of the chimeric intermediate following the strand separation and the associated modification of its poly(A)-containing component of the double stranded structure is the ultimate step in the generation of the chimeric mRNA end product. Consequently, it is formed already modified and is never present in the unmodified form. Therefore, because modified amplified RNA is resistant to reverse transcription [5, 6] , it cannot be detected by conventional sequencing methods. This explains the striking absence of chimeric RNA end product sequences among detected chimeric reads. Indeed, in chimeric junction sequences detected in the present study, antisense components extend upstream from the junction site well beyond the loop portion, defining them as segments of the chimeric hairpin intermediate. These intermediates remains unmodified until the extension of a self-primed antisense strand into the sense-orientated molecule is concluded by the synthesis of the 3' poly(A) segment transcribed from the 5' poly(U) of the antisense strand and required for the commencement of strand separation/modification. Moreover, following the completion of the extension and the commencement of separation, the sense/antisense chimeric junction is not modified for the duration of the strand separation process downstream from the junction thus generating a certain steady-state level and a temporal window of opportunity enabling the detection of the yet unmodified junction segment by the conventional reverse transcription-based methods.
The functions of nucleotide modifications occurring during mRNA amplification remain to be elucidated. They could include the facilitation of RNA strand separation, stimulation of the capindependent translation of the amplification end product, and regulation of its stability [5, 6] . There may also be a connection between nucleotide modifications of amplified mRNA and the activation of the mRNA amplification process. The amplified and heavily modified mRNA could behave in ways that are different spatially, qualitatively and quantitatively from those of conventional mRNA. For example, the amplification of mRNA species encoding secreted proteins, such as laminin or other extracellular matrix proteins, could overwhelm the ER, cause ER stress and trigger cell death. One cellular response to ER stress appears to be a shift of translation and secretion outside the ER [35] . It could be suggested, therefore, that nucleotide modifications of amplified mRNA may direct its translation and secretion of the resulting protein via pathways bypassing the ER, despite the presence of a signal peptide sequence. The initial ER stress resulting from increased transcription and subsequent translation of conventional mRNA encoding a secreted protein could be one of potentially multiple cellular events, probably certain types of stresses, which may trigger mRNA amplification processes. In this case, one can envision that conventional overproduction of a secreted protein induces ER stress and activates multiple transcription factors [36, 37] , which, in turn, activate mRNA amplification pathway thus facilitating overproduction and at the same time relieving the ER stress, since in the mRNA amplification process, a portion of conventionally produced mRNA molecules, used as templates for the production of antisense RNA, is apparently modified during strand separation (Figure 4, step 2) and would be translationally processed outside the ER, alongside the modified chimeric RNA end product of mRNA amplification.
Genes for α1, β1, and γ1 chains of laminin have multiple TSS positions, most of which are inconsistent with the eventual generation of antisense molecules capable of self-priming within their segments corresponding to the 5'UTRs of mRNA because none of the complementary elements on the antisense strand is 3'-terminal [28, 29] . Observations described above suggest a possibility that a shift in TSS positions can play an important regulatory role in defining the eligibility of a transcript for amplification, i.e. the ability of the antisense strand to fold into a self-priming configuration. The concepts of such a regulation are summarized in Figure 5 .
If the 3'-distant complementary element of the antisense strand is terminal ( Figure 5, panel A) , it can form a self-priming structure. If, however, both elements are internal ( Figure 5, panel B) , a downstream shift of the TSS position can make one of them 3'-terminal and thus enable self-priming. When, on the other hand, the 3' segment of the antisense strand has no topologically compatible complementary sequences, an upstream shift of the TSS position ( Figure 5, panel  C) can generate such an element and make the transcript eligible for amplification. The events diagrammed in panels B and C of Figure 5 can also occur in reverse, making previously eligible mRNA ineligible for the amplification process. As a possible example of such regulation, antisense/sense chimeric RNA junctions, the identifiers of RNA-dependent mRNA amplification, were observed in the present study for all three chains of laminin at ten days post-implantation of EHS cells, but were absent at six days post-implantation despite the abundant presence of conventional transcripts. One interpretation of this observation, suggested above, is that the mRNA amplification machinery or some of its components are not yet activated at the early developmental stage. Another interpretation, in light of the above considerations, is that at the early developmental stage mRNA molecules encoding all three laminin chains are initiated at TSS positions that prevent self-priming of antisense RNA strands because of the lack or non-3'-terminal position of one of complementary elements. In such a case, the activation of RNAdependent amplification of laminin mRNA at the later stage would occur by shifts of corresponding TSS positions in a developmental stage-specific manner. Alternatively, regulation may occur on both, enzymatic as well as transcriptional levels.
Our previous results indicated that RdRp can transcribe the cap "G" of mRNA, despite its inverted orientation [5, 38] . Observations of the present study confirm this conclusion. The underlying arguments are based on the results with the α1 chain of laminin shown in the top panel of Figure 1 and are illustrated in Figure 6 . If the cap "G" is not transcribed, the antisense strand terminates with the "u" and its folding configuration would be as shown in Figure 6 , panel "A". After the extension, the sense/antisense junction would consist of the "uC" as depicted in Figure 6 , panel "B". The experimental results, however, are different. They show that the sequence of the sense/antisense junction is, in fact, "ucC" (Figure 6 , panel "C"). Since the genomic sequence upstream of the TSS cannot account for the additional 3'-terminal "C" in the antisense strand [28] , the only remaining possibility is that the "C" in question is a transcript of the cap "G" of the sense strand and that the antisense folding into a selfpriming configuration occurs as shown in Figure 6 , panel "D".
Novel experimental strategies
The detection of chimeric antisense/sense RNA junctions in the Figure 5 : TSS shift as a potential regulator of the eligibility of an mRNA for the amplification process. Single line -3' terminus of the antisense strand. Filled grey boxes -sense strand. Filled blue boxes -topologically compatible complementary elements on the antisense strand. A: One of the complementary elements is 3'-terminal; folding results in a self-priming structure which is extended into the sense strand. B: Both complementary elements are internal, no self-priming is possible; TSS shift in the downstream direction makes one of the elements 3'-terminal and allows self-priming and extension into the sense strand. C: There are no complementary elements, no self-priming can occur; TSS shift in the upstream direction generates complementary elements one of which is 3'-terminal and thus enables selfpriming and extension. Note that processes depicted in panels B and C can occur in reverse resulting in a loss, rather than the acquisition, of the eligibility. Figure 1 , top panel. Uppercase letters -nucleotide sequence of the sense strand; lowercase letters -nucleotide sequence of the antisense strand. "u" highlighted in blue -3'-terminal nucleotide of the antisense strand corresponding to the transcription start site of mRNA; "uC" highlighted in blue -the projected junction structure in the absence of the cap "G" transcription. "c" highlighted in green -transcript of the cap"G"; "ucC" highlighted in green -the resulting junction structure when cap "G" is transcribed. A: Projected self-priming configuration of the antisense strand in the absence of the cap "G" transcription. B: Projected nucleotide sequence of the sense/antisense junction in the absence of the cap "G" transcription. C: Detected nucleotide sequence of the sense/ antisense junction. D: Self-priming configuration of the antisense strand as defined by experimental results. Note that the genomic sequence upstream of the TSS cannot account for the additional 3'-terminal "C" in the antisense strand.
present study provides decisive evidence in support of the occurrence of RNA-dependent amplification of mRNA encoding all three chains of laminin in EHS cells. Multiple lines of reasoning articulated above indicate that these junction sequences are of cellular origin. Yet, very strong arguments for the cellular origin of these chimeric RNA molecules notwithstanding, their possible inadvertent and unforeseen generation during multiple experimental manipulations involved in sequencing libraries construction cannot be ruled out with absolute certainty. Ideally, the definitive and unquestionable proof would be a direct measurement, without any outside experimental manipulations, of a key cellular product of this process. Is it feasible?
The experimental strategy to obtain such a proof is suggested by a possible scenario of RNA-dependent mRNA amplification where the antisense segment of the chimeric RNA end product contains a functional translation initiation codon [6] . In such a case, if the folding/self-priming of the antisense RNA occurs within its segment corresponding to the 5'UTR of conventional mRNA and if the initiation codon within the antisense portion of the chimeric RNA end product is in-frame with the mRNA coding sequence, translation will result in a highly distinct chimeric protein non-contiguously encoded in the genome. It will contain the polypeptide encoded by a conventional mRNA, enhanced at its N-end by additional amino acids encoded by the antisense portion of the chimeric RNA end product and by a segment of the 5'UTR of conventional mRNA. Such a protein could be probed for directly in cell lysate and its detection would constitute an undisputable proof of the occurrence of RNA-dependent mRNA amplification. This scenario can be enacted experimentally. The experimental model, based on results described above, is the in vitro amplification of mRNA encoding the murine alpha1 chain of laminin. The experimental design, outlined in Figure 7 , starts with the elucidated pathway shown in the bottom panel of Figure 1 and modifies it, by editing the alpha1 laminin gene, to achieve the desired outcome. In the top panel of Figure 7 , line A shows the 5'terminal portion of conventional mRNA and line B shows the 5'terminal portion of the projected chimeric RNA end product of amplification (capital letterssense RNA; lower case letters-antisense RNA); it should be noted that both share a portion of the 5'UTR and contain the same coding regions. Line C shows the polypeptide (highlighted in blue) resulting from translation of either conventional or amplified chimeric laminin mRNA. In the middle panel, line A shows the 5'terminal portion of edited mRNA and line B shows its antisense counterpart. "CAU" highlighted in blue (line A) is transcribed into 5'-aug-3' highlighted in green (shown as 3'-gua-5') in the antisense strand (line B).
The major objectives of the editing are the following: (1) To delete the translation initiation AUG codon of the conventional mRNA;
(2) To replace it with an insert (marked "INS" in Figure 7 ) lacking the translation initiation codon and encoding a Tag peptide so as to enable detection and isolation of the resulting polypeptide; (3) To eliminate all potential translation initiation codons [30, 31] upstream from and in-frame with the "INS"/protein-encoding sequence in the edited mRNA; (4) To introduce within the TCE of the projected antisense strand an AUG codon in the 5' to 3' orientation, in the optimal translation initiation context, and in-frame with the "INS"/ protein-encoding sequence in the projected chimeric RNA end product of amplification; (5) To minimize TCE/ICE mismatches so as to assure that the cleavage of a chimeric intermediate does not occur downstream from the "AUG" and to maximize the length of the 5'UTR in the projected chimeric RNA end product; (6) To ascertain that the "AUG" of the antisense RNA is followed by a codon encoding Val so as to confer to the resulting protein the maximum half-life, in accordance with the N-end rule pathway of protein degradation [32] , if the N-terminal Met is removed by the N-terminal methionyl aminopeptidase [33] ; (7) To minimally interfere with the 5'terminus of the sense strand transcript so as to preserve the position of the TSS.
Stages C and D of the middle panel of Figure 7 show the folding of the antisense RNA (stage C) and its extension into chimeric intermediate followed by strand separation and cleavage (red arrow, stage D). Line E shows the projected edited chimeric RNA end product. In its antisense portion it contains an AUG codon ("aug" highlighted in green) in an optimal translation initiation context (purine in position -3 and "G" in position +4 relative to the "A" of the AUG) and in-frame with the INS/laminin coding sequence. Translation of the edited chimeric RNA end product would result in a chimeric polypeptide shown in line F of the middle panel and comprised of a laminin portion (highlighted in blue and identical to that shown in the top panel, line C), a Tag peptide, a portion (highlighted in grey) encoded by a segment of the 5'UTR upstream of the "INS", and the N-end portion encoded by the antisense RNA component of the chimeric RNA end product (highlighted in grey and underlined); it would be non-contiguously encoded in the genome. The detection of a Tag peptide would indicate that a chimeric polypeptide has been produced and the isolation and sequencing of this polypeptide would provide a definitive and irrefutable proof of the occurrence of the RNA-dependent mRNA amplification process.
Identification/sequencing of the projected chimeric polypeptide would be sufficient to make a determination of the occurrence of RNAdependent mRNA amplification, but the above experimental design allows a number of additional controls. One of these is illustrated in the bottom panel of Figure 7 . The AUG codon of the antisense strand can be mutated into a codon (ACA) not known to initiate translation, without changing the complementary relationship between the TCE and the ICE components of the antisense RNA. In such a case, the amplification would proceed similarly to that depicted in the middle panel, but the resulting chimeric RNA end product (bottom panel, line E) would lack a functional in-frame translation initiation codon and no translation of INS/laminin sequence would occur.
Other possible controls are frame-shifts of the edited RNA shown in the middle panel of Figure 7 . Effecting a frame-shift of one, two but not three nucleotides in the region between the AUG of the antisense portion and the "INS" of the chimeric RNA end product (middle panel, line E) should abolish translation of the INS/laminin whereas a frame-shift of either one or two or three nucleotides upstream from the AUG of the antisense RNA segment within the same molecule should have no such effect.
In the framework of the above experimental design, the edited gene would produce translationally "silent" mRNA. The proteincoding content could be activated in a rigorously predicted "enhanced" manner only when mRNA amplification process is induced. Such an experiment can be carried out in a murine astrocyte cell line known to elevate the expression of laminin under hypoxic conditions [34] . There are good reasons to believe that severe chronic hypoxia would induce the mRNA amplification process in these cells and enable the testing of the above experimental design [6] .
Significance and directions of future investigations
Mammalian RNA-dependent mRNA amplification was discovered, investigated, and its principles were established in the erythroid model system with cells undergoing terminal erythroid differentiation and programmed for only a very short life span [1] [2] [3] [4] [5] [6] . The present study was initiated to distinguish between the narrowly specialized, terminal differentiation-restricted, and the general physiological nature of this phenomenon. The results obtained demonstrate the occurrence of RNA-dependent amplification of mRNA encoding all three chains of laminin, a major component of extracellular matrix abundantly produced throughout the tissue and organ development and homeostasis, and an exceptionally revealing indicator of the range and scope of this phenomenon. These findings suggest reinterpretation of the mechanisms involved in ubiquitous and abundant production and deposition of extracellular matrix proteins and establish RNA-dependent mRNA amplification as a general physiological phenomenon in mammalian cells.
Malfunctions of this process may be involved in multiple pathologies associated either with the deficiency of a protein normally produced by this mechanism or with the overproduction of a protein normally not involved in such a process. One of the experimental approaches to assess its involvement in such pathologies would be to interfere in vivo with the extent of complementarity between the two elements involved in the antisense RNA self-priming. In fact, multiple experiments of this sort have been carried out by nature. Thus, at least four different types of familial beta-thalassemia, characterized by the reduced production of beta-globin chains, are associated with different point mutations in the 5'UTR of human beta-globin mRNA that clearly impede the amplification-associated complementary TCE/ICE relationship within the antisense beta-globin RNA and appear to solely account for the disease [6] . A possible example of an opposite impact, the mRNA amplification-driven pathology that is due to the abnormal overproduction of a polypeptide, is the increased generation of beta-amyloid in sporadic Alzheimer's disease discussed in detail elsewhere [6, [24] [25] [26] [27] .
Multiple directions of investigation would be instrumental in elucidating the molecular processes involved. Importantly, both genetic/molecular biology research and biochemical studies should be included in these investigations. In the first category, a well targeted DNA editing and the assessment of its consequences in a variety of experimental models could be crucial in eliciting additional information. In the second category, the choice of the starting material could be decisive in studying enzymatic activities involved in the amplification process and their networking and regulation. In this respect, anemia-driven splenic erythropoiesis appears to be, for reasons discussed elsewhere [5, 6, 38] , the best and most suitable currently available experimental model. The increased understanding of components and mechanisms involved in RNAdependent mammalian mRNA amplification could open up new ways and approaches not only for therapeutic interference in a number of pathologies but also for novel and powerful forms of bioengineering.
Conclusion
In conclusion, the results of the present study suggest reinterpretation of the mechanisms involved in ubiquitous and abundant production and deposition of extracellular matrix proteins, confirm RNA-dependent mRNA amplification as a new mode of genomic protein-encoding information transfer, and establish it as a general physiological phenomenon in mammalian cells. Its potential physiological impact is substantial and it appears relevant to multiple pathologies. Its increased understanding would open new venues of therapeutic interference, it suggests powerful novel experimental and bioengineering approaches and its further rigorous investigations are highly warranted.
Materials and Methods
EHS tumor tissue, removed from mice six or ten days postimplantation, was provided by MuriGenics. Inc. (CA). Tissue was reduced to a cell suspension by rubbing against and washing through a 70μm cell strainer. Pelleted cells were lysed in a buffer containing 30 mM Hepes, pH8.2; 50mM NacCl; 5 mM MgCL2; 1% NP40; 10% sucrose; 5 mM DTT and 1.5 units/μl RNase inhibitor (NEB). Nuclei were removed by centrifugation for 3 min at maximum speed in an Eppendorf centrifuge and the supernatant was vigorously mixed with 10 volumes of Trizol reagent. RNA was isolated from the Trizol mix as suggested by the manufacturer. Note that RNA intended for studies of RNA amplification was extracted from an isolated cytoplasmic fraction, after removal of cell nuclei. This is because the bulk of amplified RNA, both end product and intermediates, is at least partially modified. It tends to bind to DNA [5, 6] and would be removed if the isolation is attempted from total cell lysates. Since, in the absence of DNA, modified RNA binds to a predominant RNA species [5] , cytoplasmic RNA was fragmented as described below prior to the rRNA depletion in preparation for the construction of sequencing libraries. For rRNA depletion, total cytoplasmic RNA was fragmented by incubation for 12 minutes at 94 o C in first strand synthesis buffer (NEB, kit E7770). Following rRNA depletion with NEBNext rRNA depletion kit (E6310), RNA was purified with SPRI magnetic beads and used for preparation of sequencing libraries. Sequencing libraries were prepared using NEBNext Ultra II RNA library preparation kit for Illumina (NEB E7770) as suggested by the manufacturer with the following modifications: Step 1 (fragmentation and priming) was for 3 minutes; in step 2 (first strand synthesis) 8ul of the strand specificity reagent (NEB) was added instead of water and an additional incubation at 50 o C for 15 minutes was included; after adaptor ligation and before PCR enrichment, an additional round of purification on SPRI beads was included; PCR enrichment was carried on for 7 cycles. After quality control, libraries were sequenced by the Harvard Biopolymers Facility using Illumina Next500 instrument. The initial analysis of the antisense folding patterns was carried out with the help of IDT oligonucleotides analizing software. Sequencing data obtained were converted into blasting databases with the help of the Harvard Research Computing department and blasted against reference sequences at the stringency of word size 7. Sequences of interest were then extracted from the raw data and analyzed.
